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ABSTRACT
Carbon nanotubes (CNTs) can be used in many different applications. Field emission (FE) measurements were used together with Raman
spectroscopy to show a correlation between the microstructure and field emission parameters. However, field emission characterization
does not suffer from fluorescence noise present in Raman spectroscopy. In this study, Raman spectroscopy is used to characterize vertically
aligned CNT forest samples based on their D/G band intensity ratio (ID/IG), and FE properties such as the threshold electric field,
enhancement coefficient, and anode to CNT tip separation (ATS) at the outset of emission have been obtained. A relationship between
ATS at first emission and the enhancement factor, and, subsequently, a relationship between ATS and the ID/IG are shown. Based on the
findings, it is shown that a higher enhancement factor (3070) results when a lower ID/IG is present (0.45), with initial emissions at larger
distances (47 lm). For the samples studied, the morphology of the CNT tips did not play an important role; therefore, the field
enhancement factor (b) could be directly related to the carbon nanotube structural properties such as breaks in the lattice or amorphous
carbon content. Thus, this work presents FE as a complementary tool to evaluate the quality of CNT samples, with the advantages of a
larger probe size and an averaging over the whole nanotube length. Correspondingly, one can find the best field emitter CNT according to
its ID/IG.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5142346
The introduction of carbon nanotubes (CNTs) to the scientific
focus inspired the use of CNTs in countless applications,1 e.g., drug
delivery,2 electronic,3 energy,4 mechanical,5 photodetector,6 sensor,7
and field emission applications.8,9 The chosen application depends on
the CNT properties, such as high ballistic conduction for field effect
transistors10 and high surface area and large aspect ratio for lithium-
ion-batteries.11 Other applications benefit from the well-known
strength of CNTs such as nanotube-polymer structural composites.12
Furthermore, semiconducting CNTs can be used for organic vapor
detection as a result of their 1-dimensional electronic structure.13
Finally, a low threshold voltage and long emitter lifetime allow CNTs
to be used as cold electron sources.14 Therefore, with a wide range of
both properties and applications, it is essential to accurately character-
ize the CNTs used.
Numerous methods are currently used to characterize CNTs,1
most commonly Raman spectroscopy. This method investigates the
vibrational properties and electronic structures by means of laser
excitation.15 Two noteworthy modes can be observed at around
1580 cm1 and between 1330 and 1360 cm1, the so-called G and
D-bands, respectively. Coarsely, the G-band corresponds to the
stretching mode in the graphite plane, while the D-band is associ-
ated with disorder or defect modes.16 Thus, the D/G band intensi-
ties (ID/IG) can be used to evaluate the sample quality, in which a
high-quality one, i.e., free of structural defects or amorphous car-
bon, will present a low ID/IG ratio.
17,18 In this work, we investigate
the use of field emission (FE) as a complementary technique that
can be used to characterize CNTs, with a larger scanned area.
Moreover, considering that CNT forests are densely packed,
Raman spectroscopy gives information mostly regarding the tips,19
while FE averages over the whole nanotube length. Another advan-
tage of field emission is the low current density carried across the
CNTs, not causing any change in its crystallinity.
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Field emission measurements consist of applying a large electric
field between a metallic needle (anode) and the sample (cathode),
which will result in electrons being emitted into the vacuum as a result
of the charge carriers tunneling through a potential barrier to vacuum.
Detailed studies of field emission through both theoretical modeling
and experiment have been conducted in the past.20,21 The basics of
this process were described by Fowler–Nordheim theory22 and consist
of lowering the barrier height as a function of the increasing electric
field, which increases the probability of a tunneling process.23,24 Thus,
knowing that the potential barrier height and width are a function of
sample defects and metal-semiconductor junction, it is sensible to
combine the FE results with Raman spectroscopy.25 So far, many stud-
ies showed the field emission results for CNTs alongside TEM,14
SEM,26 ab initio calculations,27 XPS,28 and Raman,28 but only Ilie
et al.29 showed a correlation between the techniques, relating the struc-
ture (sp2 clusters in amorphous carbon) and FE properties.
In this work, we associate the characteristic Raman peak intensi-
ties with Field Emission measurements. For instance, we demonstrate
that the ID/IG ratio can be correlated with the field enhancement
coefficient (b). Based on the findings reported in this study, we present
an alternative approach to detect the CNT sample with the higher
crystallinity (or smaller quantity of defects) just by means of finding
the one that starts cold field emitting at the highest anode to CNT tip
separation (ATS).
For the CNT growth, an Al (10 nm)/Fe (3 nm) catalyst layer
structure was sputtered on nþþ Si substrates. The growth was carried
out in a photo-thermal chemical vapor deposition (PTCVD) system30
at a substrate bulk temperature between 400 C and 430 C, controlled
by the electrical power supplied to the optical lamps, gas flow rate, and
chamber pressure. In PTCVD, an array of eight lamps arranged in a
circular geometry delivers optical energy directly to the top surface of
the catalyst, while the sample is mounted on a water-cooled chuck. In
this arrangement, a large temperature gradient is produced where the
catalyst at the top surface of the sample reaches higher temperatures
(700 C), whereas the bulk of the sample remains at low tempera-
tures. Samples were pre-heated in flowing H2 (100 sccm) for 10min
at 2Torr followed by the CNT growth for 5min using 50 sccm C2H2
as carbon feedstock.
Raman spectroscopy is employed to benchmark the quality of the
as-deposited CNT forests with a spot size of 5lm, a laser excitation
energy of 514nm (2.41 eV), and a 50 objective lens. In order to avoid
damaging the CNTs, the power density of the laser is limited to below
100lW/lm2. The scanned range is kept from 50 to 4000cm1 to include
all first and second order resonance Raman features. Analysis is carried
out by fitting Lorentzian functions to characteristic D and G peaks.29
Field emission measurements were carried out using seven samples
containing vertically aligned multi-walled carbon nanotube (VA-
MWCNT) forest on nþþ Si substrates. For the measurements, the sam-
ples were inserted into the chamber and a vacuum of around 108 mbar
was established. A custom piezo-X, Y, and, Z stage moved the tip against
the samples, while a 500V was applied by a power source (Keithley,
model 248 High-Voltage Supply). The emission current is monitored
using a current to voltage converter, in which a high input impedance
operational-amplifier, type CA3140, is used to provide an output voltage
in the range of 0–10V for an input current in the range of 0–50lA. The
resulting voltage is monitored using a Keithley instruments type 195 dig-
ital multi-meter. After a current of 10lA was measured, the stage
stopped (z0) and the needle (anode) was pulled out by 300lm, and then
moved against the cathode by relative distances from zo of þ200, þ150,
þ100, þ50, þ20, þ10, and þ5lm. During all these different anodes to
CNT tip separations (ATS), the power source was applied between 200
and 1500V with steps of 2V, while collecting the data. Figure SI1 of the
supplementary material presents a schematic drawing of the field emis-
sion kit, specifying the W0 anode needle diameter (1mm) and the CNT
sample size (1 1 cm2). The approach to estimate the absolute distance
between the W0 needle (anode) to the CNT tip, herein after called ATS,
was also described.
The obtained ID/IG ratios ranged from 0.45 (S1) to 0.65 (S7),
with intermediate values of 0.48 (S2), 0.49 (S3 and S4), 0.50 (S5), and
0.52 (S6), as per Fig. 1(a). Given that the D band appears around
FIG. 1. (a) Normalized Raman spectra of the seven studied samples (S1–S7)
grown under temperatures between 400 C and 430 C. (b) Normalized Raman
spectra of the highest and lowest quality samples (S1 and S7, respectively), focus-
ing on the D and G bands. S1 has a lower D peak, and S7 has a larger FWHM of
the G peak.
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1340 cm1 and the G band is located around 1580 cm1, from
Fig. 1(b), it is found that the ID/IG ratio of the highest quality sample
(S1) is lower, while the opposite is true for the lowest quality one (S7).
Moreover, the G band of S7 presents a larger full width at half maxi-
mum (FWHM) when compared to S1, confirming that S1 has a
reduced number of defects. FWHMs of S1 and S7 are 66.8 cm1 and
84.1 cm1, respectively.
SEM images of the VA-MWCNT samples are given in Fig. SI2.
The morphology of the CNT tips or their diameter distribution [around
5–10nm, as per Fig. SI3(a)] does not appear to vary considerably. The
CNTs for all growth conditions are homogeneously distributed over
the 1  1 cm2 Siþþ substrate, and individual changes do not affect the
1mm diameter scanned area. Besides that, no relationship between the
VA-MWCNTs height and the obtained field emission properties was
found. TEM images in Fig. SI3 show a multi-walled carbon nanotube
(MWCNT) [Fig. SI3(b)], in agreement with Raman spectroscopy obser-
vations [no radial breathing modes (RBM), as per Fig. SI4].
Comparing the FE measurements in Figs. 2(a) and 2(b), it is evi-
dent that a lower electric field (E) is required for measurements on the
highest quality sample [Fig. 2(a)] when compared to the E values in
Fig. 2(b) (lowest quality MWCNT). It is also noteworthy that different
emission currents were measured for the highest quality sample (S1)
and the lowest quality one (S7), even using the same applied voltage.
The lower emission current measured from S7 is even more pro-
nounced at lowest electric fields.
The threshold electric field (ET), defined as the electric field
required for a current density of 10 nA cm2, is also a function of the
distance between the anode and the CNT tip (ATS). For the lowest
quality sample (S7), ET is measured as 35.0V lm
1 at 10.58lm and
3.5V lm1 at 310.58lm, while these values decrease to 6.1V lm1 at
46.76lm and 2.0V lm1 at 346.76lm for the best quality MWCNT
(S1). The results were obtained considering a 1mm probe size and it is
close to reported values.31
The threshold electric field (ET) itself can be used to evaluate the
MWCNT defects, as shown that the ET should decrease as a function
of the decreasing ID/IG ratio. Thus, this method is also a non-
destructive way to analyze the CNT quality with the advantage of a
larger probe size when compared to the Raman spot size, allowing to
have a more representative result in all 3 dimensions of the CNT forest
(x, y, and z). It is shown that the CNT crystallinity can vary along a
CNT, especially for long CNTs (>10 lm); nevertheless, Raman signal
is collected only from the surface of a CNT film19 and it is also limited
to a few micrometers spot size. If we consider per spot size measure-
ment, field emission method could provide a more reliable (x, y, and
z), faster (based on 1mm spot size), and non-destructive measure-
ment, free of fluorescence effect. Nonetheless, we will show that there
is an easier way to study defects in CNTs using field emission mea-
surements, without the need for significant analysis or data treatment.
Figure 3 shows a Fowler–Nordheim plot obtained from the field
emission measurements. The natural logarithm of the (I/E2) vs (1/E)
plot should be a straight line if the dominant process is the electron
quantum tunneling through a potential barrier,32 as described by the
following equation:
I ¼ aAb
2E2
1
exp b1
3=2
bE
 !
; (1)
where a and b are constants equal to 1.54  106 A eV V2 and 6.83
 107 eV3/2 V cm1, respectively,33 A is the emission area, estimated
to be 7.85  103cm2 using a 1mm diameter tungsten tip,1 is the
work function (equal to 4.5 eV),33 I is the measured current, and E is
the applied electric field. Finally, b is the enhancement factor, which is
primarily related to the MWCNT morphology, but also depends on
FIG. 2. Current (I) vs electric field (E) plots obtained from the field emission mea-
surements showing different emission currents depending on the CNT quality. (a)
Highest quality sample (S1, ID/IG equals to 0.45) with first emission at 46.76 lm
(z0), and b) lowest quality sample (S7, ID/IG equals 0.65) with z0 equaling
10.58lm. The colors represent different anode to CNT tip separations (ATS). The
inset of each graph show the exponential relationship between the threshold volt-
age (ET) and the anode to CNT tip separation (ATS), with a lower ET required for
the highest quality CNT sample (S1). The I vs E plot for sample 5 (ID/IG equals to
0.50) can be found in Fig. SI5, with ET ranging from 29.8 V lm
1 at 12.54 lm ATS
to 3.2 V lm1 at 312.54 lm ATS.
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the number of defects, e.g., broken sp2 bonds, kinks on the multiple
walls of the CNTs, and the quantity of amorphous carbon.26,28,34
Based on Eq. (1), b can be obtained from the slope of the curves
in Fig. 3. Moreover, looking at Fig. 3, it is possible to see a decrease in
the slope while increasing the distance between the electrodes, mean-
ing a highest b (3070) at the largest measured ATS (346.76lm). For
this same sample (S1), an enhancement factor (b) of 580 was obtained
at 46.76lm ATS. Smith et al.33 and Passacantando et al.26 reported
the same increase in the enhancement coefficient when the anode nee-
dle was moved away from the CNT tip, and, therefore, ET reduced
asymptotically. This relationship between b and ET is given by EFE
¼ bET, in which EFE is the field at the top of the CNT tip and ET is
defined as the applied potential (required for the field electron emis-
sion to occur) divided by ATS. When this so-called “far field con-
dition” occurs (ATS> 3L, where L is the CNT length),26 the field
emission properties are not a function of the ATS anymore, but rather
of the CNT properties themselves, such as morphology and/or defects.
This effect can be seen in the inset of Fig. 2(b), in which ET reaches a
plateau around 110.58lm (for CNTs with a height equal to 42lm).
Based on that, we collected the highest enhancement factors for
each sample to show a relationship between the anode to CNT tip sep-
aration at first emission (z0) and the extracted b values at largest ATS
(z0þ 300lm), as can be seen in the blue plot of Fig. 4.
In this study, the CNT tip morphology did not change among
the seven samples, so the different enhancement factors (b) obtained
could only be attributed to the defects presented by each sample
(D peak intensity). Thus, from Fig. 4, it is possible to infer that the
ATS at first emission is exponentially related to the carbon nanotube
properties, such as breaks in the lattice (structurally), and mainly the
amount of amorphous carbon that are inherently defective.
Furthermore, a plot of ATS at first emission against ID/IG allows
to extract MWCNT structural properties based on the zo value
obtained from the FE measurements. The red plot of Fig. 4 shows this
exponential relationship between the ATS at first emission (zo) and
the ID/IG ratio obtained from the Raman measurements. As discussed
in Fig. 1, a lower ID/IG means a higher quality sample, with less defects
and a higher crystallinity.18 Therefore, by comparing Raman and field
emission measurements (with the Fowler–Nordheim approach to
obtain b), it is possible to evaluate the carbon nanotube samples’ qual-
ity only by comparing the distances required to measure a pre-
established current using the same applied potential. Thus, the results
show that a higher crystallinity sample (S1 with a ID/IG of 0.45) will
start emitting at a higher ATS compared to a sample with more defects
(S7 with a ID/IG of 0.65), agreeing with Ilie et al.
29 who showed the
influence of sp2 clusters in the reduction of the ET in amorphous car-
bons. Endorsing this proposal, the same exponential relationship can
be obtained between ATS at first emission and the FWMH of G Peak,
in which S7 presented an FWHM of 84.1 cm1 and the less defective
S1 showed an FWHM of 66.8 cm1.35
Moreover, the inset of Fig. 4 presents an exponential relationship
between the smallest b and the ID/IG ratios plotted high to low on the
x-axis. This shows the field electron emission as a non-destructive
characterization method, in which the relationship between enhance-
ment factor (therefore CNT crystallinity) and decreasing ID/IG was
maintained as a function of increasing electric fields.
FIG. 3. Fowler–Nordheim plots at different anode to CNT tip separations (ATS) for
the highest quality sample (S1, with ID/IG equal to 0.45). Dots are the experimental
data and the continuous lines represent the linear fit used to obtain the enhance-
ment factor (b). The measurements at different ATS show the expected increase in
the slope when moving from largest (436.76lm) to lowest (46.76lm) ATS.
Fowler–Nordheim plots of S5 (ID/IG of 0.50) and S7 (ID/IG of 0.65) can be found in
Figs. SI6(a) and SI6(b), respectively.
FIG. 4. The blue plot presents an exponential relationship between the highest
enhancement factor (b) and the anode to CNT tip separation (ATS) at first emission
(zo value obtained for each sample). The presented b values were extracted from
the Fowler–Nordheim plot at largest ATS (zo þ 300 lm). The red plot shows sam-
ples’ ID/IG (inverse scale, highest to lowest) vs ATS, with added error bars. The
inset shows an exponential relationship between the obtained b values at lowest
ATS, and the inverse ID/IG, showing that the relationship between crystallinity and
field electron emission properties is maintained regardless of the electric field used
for the measurement.
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In conclusion, we used two different techniques often used to
characterize carbon nanotubes and found a correlation between them.
Raman measurements allowed us to obtain the ID/IG ratio of the
MWCNT samples and the FWHM, while the Fowler–Nordheim
plot gave us the enhancement factor, which is a function of the
CNT structural properties, especially at the largest ATS (in this study,
z0 þ 300lm). Having established that, we can relate the b values to
the distance between the electrodes at first emission (z0), furthermore
finding a relationship between (z0) and the ID/IG ratio. Thus, this work
shows that the field emission can be used as a complementary analysis
to evaluate the number of defects or presence of amorphous carbon in
a vertically aligned CNT forest sample with the advantage of a larger
spot size and an averaging over the whole CNT length, without any
fluorescence noise. On the other hand, Raman spectroscopy could be
used to estimate which sample can be a better option as a field emitter.
Besides, by keeping the CNT tip morphology constant, we presented a
way in which field emission properties of CNTs could be tuned by
controlling the amount of amorphous carbon by means of varying the
synthesis temperature.
See the supplementary material for the details of the FE experi-
ments and further characterization of the CNTs.
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